A B S T R A C T Six adult pedigreed dogs were studied as long as 3 yr in order to determine the effects of cholesterol feeding and of bile diversion on absorption, synthesis, and storage of cholesterol. These measurements were based on cholesterol balance and isotope kinetic studies.
have been sustained by mobilization from tissue cholesterol pools, and since the rate of disappearance of [4-14C] cholesterol from the plasma after single intravenous injection was greatly increased after complete biliary diversion, total daily synthesis of cholesterol must have been greatly accelerated, for synthesis was totally unsuppressed. The increased output of fecal neutral steroids could be the result of transfer of plasma cholesterol across the gut wall or due to increased synthesis in the gut. Plasma cholesterol levels were reduced in these two dogs by 20 and 27%, and triglycerides decreased by 36 and 43%. INTRODUCTION Surgical exclusion of the ileum (ileal bypass) or feeding of cholestyramine results in partial interruption of the enterohepatic circulation; both procedures primarily affect the ileo-portal return of bile acids and to a lesser extent the entero-lymphatic absorption of cholesterol (1, 2) . Complete diversion of bile, on the other hand, totally abolishes the enterohepatic circulation of bile acids and cholesterol.
The present experiments were designed to measure the degree to which cholesterol synthesis could be maxi- mized in dogs by total interruption of the enterohepatic cycle. We also tested whether total exclusion of biliary bile acids and cholesterol from the enterohepatic circulation in dogs might result in depletion of sterols from tissue pools, while in a parallel study we attempted to swell these cholesterol pools by cholesterol feeding. Studies by Taylor and Gould on cholesterol-fed dogs (3) suggested an almost complete suppression of synthesis. Nevertheless, we questioned whetlher tissue cholesterol levels might increase despite such suppression because of the efficient absorptive capacity for cholesterol known to exist in dogs (4) . Control dogs were maintained under similar conditions but without anv intervention during the 3-yr study. Our results showed that cholesterol feeding causedl virtually complete cessation of cholesterol synthesis in the dog and that complete biliary (liversion caused a sevenfold increase in cholesterol svntlhesis. Although there was a significant increase in plasma cholesterol concentrations in the cholesterol-fed dogs, it could be calculated that there were no significant differences between these dogs and the controls in total exchangeable cholesterol content; these calculations were confirmed at autopsy (see accompanying report). In the bile-diverted dogs plasma cholesterol concentrations decreased significantly. The magnitude of depletion of tissue cholesterol stores could not be calculated in vivo; however, autopsy data slhow-ed that tissue pools of clmolesterol did not differ from those in the control and cholesterol-fed animals.
METHODS
Ini nzals. Six adult female dogs, two sets of three littermates from a cross-breed between Rhodesian Ridgebacks and German Shepherds, were studied over a period of 3 yr. One set was 20 and the other 15 mo old at the beginning of the study. One dog from each litter was designated control, cholesterol-fed, or bile-diverted; their respective weights were 31 and 27 kg, 27 and 22 kg, 28 and 23 kg.
All animals were vacccinated for distemper, hepatitis, and leptospirosis upon arrival at The Rockefeller University; they were free of intestinal parasites. Individual indoor pens (3.25 m2 surface) with outdoor runs (4.2 m2 surface) were used for housing the dogs. Periodic balance studies lasting f rom 3 wk to 3 mo each were carried out in individual metabolism cages that permitted separate collection of urine and feces. These cages were designed to provide sufficient space (1 m3 capacity) for the dogs' comfort; the metal cage floors were coated xwith Teflon to protect the paws of the animals from injury.
ExperinitWal plan (Fig. 1) . The control dogs A and B received a "cholesterol-free" diet throughout the experiment, and each animal was subjected to two metabolic balance studies before sacrifice. Dog A differed from dog B in that, after the first control study, an attempt was made in dog A to create a bilio-renal shunt; since this was technically unsatisfactory, the intended shunt was not created, but the gallbladder was anastomosed to the duodenum. Thus, both dogs A and B had completely intact enterohepatic circulations of bile acids and neutral steroids for the duration of the studies; however, in dog A the right kidney had been removed, and, since the common bile duct had been ligated, all bile passed from the liver to the duodenum via the cholecystoduodenostomy.
The cholesterol-fed animals C and D underwent balance studies in each of three periods (cholesterol-free, moderateand high-cholesterol intakes). The high-cholesterol diet was labeled; during its administration, for 7-9 mo until the time of death, the animals received a constant daily oral intake of radioactive cholesterol. Dogs E and F received the cholesterol-free diet throughout the entire experiment; they were subjected to complete bile diversion by means of a cholecystonephrostomy after a control period of 1 yr. Balance studies were carried out before and after bile diversion.
Geizeral clintical statuts. All 12 .8% of calories as fat); cellulose 88; salt mixture (USP XIV) 44; vitamin mixture ("Vitamin fortification mixture," General Biochemicals Div., Mogul Corp., Chagrin Falls, Ohio) 9; chromic oxide 1; water 113. The pelleted diet provided 3.1 cal/g; it was low in fat in order to minimize losses due to steatorrhea in the bile-diverted dogs. The corn oil used in these diets had been subjected to molecular distillation (by Distillation Products Industries, Div. of Eastman Kodak Co., Rochester, N. Y.) and steam deodorization (by Drew Chemical Corp., New York); these processes reduced the plant sterol content without impairing the palatability of the corn oil. Thus, the plant sterol content of the diet was derived entirely from sterols inherent in corn oil; each gram of diet contained f-sitosterol 289 Ag, stigmasterol 17 ug, and campesterol 58 gig. Cholesterol, 33 ,Ag/g diet, was derived entirely from casein.
Diets containing moderate and large amounts of cholesterol were prepared by adding crystalline cholesterol with a purity of 99% (Mann Research Labs, Inc., New York) in a homogenous aqueous dispersion to the mixed ingredients of the cholesterol-free diet before the pelleting process. Periodic analysis of the sterol content of these diets showed a consistent content of cholesterol with a concentration of 1.0 mg/g diet (322 mg/1,000 cal) and 6.0 mg/g diet (1,930 mg/1,000 cal) in the moderate-and high-cholesterol diets, respectively. The high-cholesterol diet contained [ (7). The qualitative lipoprotein pattern in the dogs' plasma was studied by paper-strip electrophoresis according to Lees and Hatch (8) .
Serum electrolytes (including calcium and phosphorus), proteins, urea nitrogen, and glucose were measured monthly in all dogs in order to monitor the effects of long-term feeding of the synthetic diets and of bile diversion on their concentrations. Hemoglobin concentration, hematocrit, and white cell and platelet counts also were determined monthly. In both bile-shunted dogs, the hematologic indexes and levels of all serum electrolytes including calcium and phosphorus remained unchanged and were similar to those of control and cholesterol-fed dogs. There were Ino inflammatory complications and no stigmata of fat-soluble vitamin deficiency, although steatorrhea occurred in both dogs; in random stool samples the fecal fat losses varied from 65-85o on fat intakes of about 25 g/day. Serum bilirubin and alkaline phosphatase were measured monthly as indicators of cholestasis.
Except during the immediate postoperative period in dog F, there was no chemical evidence of jaundice in the bilediverted dogs, and the postoperative levels of serum bilirubin did not differ from those before the shunting procedure. However, the serum alkaline phosphatase remained significantly elevated throughout the study in dog F (mean of 185 mIU/ml serum), and minimal elevation of this enzyme (mean of 97 mIU/ml) was observed in dog E; the control values in the six dogs were 33-79 mIU/ml. Since (5) 165±22 (10) 214414 (5) 183±9 (8) 181±6 (8) 208±14 (21) 253±30 (11 Operative procedure for biliary diversion. Complete bile diversion for total interruption of the enterohepatic circulation was achieved by shunting all bile into the urinary system. After resection and ligation of the distal choledochus, the fundus of the gallbladder was anastomosed to the pelvis of the right kidney as described by Kapsinow, Engle, and Harvey (9) . The blood flow to the kidney was interrupted for about 30-45 min during performance of cholecystonephrostomy. The operations were carried out under halothane endotracheal anesthesia using aseptic technique.
Fecal and urinary steroids. The metabolism cages were designed to permit separate collection of feces and urine. During balance studies in the bile-diverted dogs, the spontaneously voided urine (actually a mixture of urine and bile) was always collected under ice in order to minimize degradative changes in the steroids.
Acidic and neutral steroids in urine and feces were isolated separately from 2-to 12-day pools by thin-layer and gas-liquid chromatographic procedures worked out in this laboratory (7, 10) that permit a separate quantitation of neutral and acidic steroids and their specific activities, as well as the essential distinction between plant sterols and cholesterol and their respective bacterial conversion products. ,-sitosterol was used as an internal standard to correct for losses of cholesterol during intestinal transit as well as for variations in fecal flow (11, 12) . Chromic oxide was employed as an internal standard to correct the excretion data for the bile acids for variations in fecal flow (13) ; it served also as a marker for completeness of recovery of feces.
In our analyses of a total of 259 specimens, stool recoveries averaged 91% (range 72-107%) as judged by the recovery of chromic oxide; ,-sitosterol recovery averaged 88% (range 68-101%). The close approximation of the recovery figures for the two markers implies that there was no significant degradation of 8-sitosterol and cholesterol during intestinal transit (11, 12) . In most individual studies, the difference in recovery between chromic oxide and ,Bsitosterol was less than 10%. No internal standard was available for correction of losses of urine in the bileshunted animals; copious amounts of distilled water were used to rinse the urine pan.
The daily excretion of bile acids in the urine during control periods was estimated isotopically in all six dogs. Since no mass of urinary bile acids was detectable by the chemical isolation procedures described above, a maximum estimate was obtained by dividing the daily urinary excretion of radioactivity (dpm) by the plasma cholesterol specific radioactivity (dpm/mg). This is essentially the "isotopic balance method" (reference 14, Eq. 5); it will overestimate "urinary bile acids," since the total urinary radioactivity is ascribable both to neutral and acidic steroids.
Measurement of cholesterol synthesis, turnover, and pool size. In the control and cholesterol-fed dogs, daily cholesterol synthesis was calculated from sterol balance data as described earlier (Eq. 8-13, reference 14). In the bilediverted dogs, values for daily cholesterol synthesis were derived from the following formula: (Tables II, III) . Plasma volume taken to be 46 ml/kg body weight (18) . § Periods of moderate cholesterol intake were compared to those on cholesterol-free diet (Table II) .
11 Periods of high cholesterol intake compared to those on cholesterol-free diet (Table II) . Measurement of cholesterol absorption. Absorption measurements could be made appropriately only in the cholesterol-fed dogs C and D. Absorption was calculated as the difference between dietary intake and unabsorbed dietary neutral steroids in feces, as previously described (Eq. 11, reference 14, method I). Values for unabsorbed dietary neutral steroids were derived as the difference between total fecal neutral steroids (measured by chromatographic methods) and fecal neutral steroids of endogenous origin (determined from isotopic data for plasma cholesterol after single intravenous labeling with radioactive cholesterol) (Eq. 10, reference 14).
RESULTS
Plasma lipids. Plasma cholesterol levels during control and experimental periods in the six dogs are discussed below in relation to other measurements of cholesterol metabolism. No changes in plasma lipoproteins were noted by paper-strip electrophoresis when cholesterol was fed in large amounts or during total bile diversion: the lipoproteins migrated almost exclusively at the same rate as human a-lipoproteins.
Plasma triglycerides in dog A were: mean= 75.2 +SD 22.6 (n = 93) in mg/100 ml plasma and in dog B 78.2±32.1 (n = 135). In the cholesterol-fed dogs C and D, triglyceride levels were 65.1±23.6 (n = 50) and 69.6±21.6 (n = 55), respectively, on the low-cholesterol diet; with feeding of moderate and large amounts of cholesterol, the triglyceride concentrations did not change significantly, 59.3±22.0 (n= 84) and 63.8±26.4 (n = 76). In dogs E and F, a highly significant reduction in plasma triglycerides was observed after bile diversion. In dog E, triglycerides were 78.5 ±21.3 (n = 50) before shunting of bile, and 50.5±+19.8 (n = 85) after bile diversion, a reduction of 36%. In dog F, there was a fall from 73.8±24.6 (n = 49) to 42.6±17.9 (n = 97) after bile diversion, a reduction of 42% Control studies (dogs A and B). Table I gives the cholesterol balance data for the control dogs A and B; the results of the control studies in the cholesterol-fed dogs C and D and in the bile-deprived animals E and FIGURE 2 Sterol balance data on varying intakes of cholesterol in dogs C and D. Dog C ingested moderate amounts of cholesterol during studies 2 and 3; in study 4 the diet was cholesterol-free, while in study 5 the cholesterol intake was high. Dog D received a moderatecholesterol diet during studies 3-5, and a diet high in cholesterol during studies 6 and 7. Plasma cholesterol levels increased during moderate-and high-cholesterol feeding in both dogs. Absorption in absolute terms increased substantially during high-cholesterol feeding; an equally striking rise in fecal bile acid excretion was sufficient to maintain zero sterol balance (intake minus excretion). Table II) . In nine control studies in the six dogs the daily negative cholesterol balance (intake minus total steroid excretion) ranged from 225 to 508 mg/day, with a mean of 325 mg/day, or 8.5 to 15.9 mg/kg/day with a mean of 12.4 mg/kg/day; these figures represent rates of daily cholesterol synthesis (14) .
Thin-layer and gas-liquid chromatographic analyses showed that the endogenous fecal neutral steroids were composed exclusively of cholesterol (except in dog E, which excreted significant amounts of coprostanol).
Daily excretions of urinary bile acids in the six dogs during the control period ranged from 0 to 9.5 mg/day (n = 109). (In view of the smallness of this quantity, it was not considered worthwhile to fractionate the urinary steroids into acidic and neutral fractions before counting their radioactivity.)
Cholesterol feeding experimitents (dogs C and D). [4-14C] cholesterol the semilogarithmic plot of plasma specific activity against time became linear after about 10 days. Fig. 3 illustrates the effects of high-cholesterol feeding on the slopes of the die-away curves: they increased immediately in both cases, the change being greater in dog C. This deflection in slope was most likely due to increased absorption of dietary cholesterol not labeled with 'C, a conclusion that is supported by the calculations of absorption shown in Table II .
With daily oral feeding of 2.7-3.0 g/day of ['H]-cholesterol, the specific activity of plasma ['H]cholesterol eventually became equal to specific activity of labeled cholesterol in the diet (Fig. 4) Plasma cholesterol, mg/lOO ml±SD(n)
218423 (13) 185±7 (23) 158±13 (7) 191426 (12) Fig. 4 ). By definition (16) the two dogs reached the isotopic steady state before their sacrifice. Table III presents the estimated net accumulation of cholesterol during moderate-and high-cholesterol feeding in dogs C and D [the equations and rationale of these calculations were described by Quintao, Grundy, and Ahrens (17) ]. These data suggested that no substantial accumulation of cholesterol in tissue pools had occurred during cholesterol feeding; repression of endogenous synthesis and increased excretion of bile acids compensated completely for increased absorption of dietary cholesterol, and hence any substantial accumulation of cholesterol in tissue stores appeared to have been prevented. Studies with bile diversion (dogs E and F). Table  IV shows a fall of 20 and 27% in plasma cholesterol in the two dogs, as well as a very large excretion of urinary bile acids and a substantial rise in fecal neutral steroid output after biliary shunting.
Urinary acidic steroids consisted exclusively of the two primary bile acids, cholic and chenodeoxycholic acids, with a ratio of 5.5/1 in dog E and 18/1 in dog F. Total absence of deoxycholic acid in both dogs indicated the completeness of bile diversion. The two primary bile acids were conjugated exclusively with taurine, as judged by thin-layer chromatography with silica-gel H in n-butanol-acetic acid-H20 (100: 10: 10 vol/vol) Urinary neutral steroids represented a very small fraction of the total urinary steroids (1.5%) and were composed mainly of cholesterol but also of a small quantity of cholesterol precursors. The latter were characterized by thin-layer and gas-liquid chromatography, and by mass spectrometry; the latter analyses (courtesy of Dr. Tatu Miettinen, Helsinki) identified lanosterol and dihydrolanosterol as the major components.
Fecal steroids were exclusively neutral; the absence of bile acids confirmed the completeness of interruption 210±18 (4) 267±41 (22) 152413 (11) 166412 (10) 143±15 (14) 0 20±6 of enterohepatic circulation. In dog E, the neutral steroids were mainly cholesterol, but there were significant amounts of coprostanol and 5p-analogs of the dietary plant sterols; in dog F, cholesterol was the only endogenous neutral steroid in feces, and there were no 5P-analogs of the plant sterols. Thus, while the qualitative composition of fecal neutral steroids was not affected by diversion of bile, there was a substantial rise in fecal neutral steroid excretion in both animals (two-to threefold increases over control periods). The total net cholesterol balance became highly negative, suggesting enhanced cholesterol synthesis. Specific activity-time curves of plasma cholesterol after a single intravenous dose of [4-uC] cholesterol showed a much more rapid decline after biliary diversion.
The half-life of the pool of labeled plasma cholesterol with slower turnover during a control study in dog E was 26 days; this was reduced to 7 days after biliary diversion. This is consistent with a more rapid dilution of the tracer by newly synthesized cholesterol. The specific radioactivities of fecal neutral steroids in dogs E and F after bile diversion were consistently 15-18% lower than those of plasma cholesterol.
Cholesterol turnover by two methods. Table V displays the turnover rates obtained in five of the six dogs by isotope kinetic and sterol balance methods. (In dog E the specific activity data were too few for satisfactory analysis.)
All time-course curves could be fitted with two exponentials; the respective ti's are shown in Table V . Note the varying cholesterol intakes in dog D, which explain the different turnover rates; in dog F the high turnover rates were due to the large excretion of urinary bile acids and fecal neutral steroids (Table IV) .
There was reasonably good correspondence in the estimates of daily cholesterol turnover by the two methods used, except in dog B, but the data are too few to compare statistically. Previous clinical studies (14) have proven that in larger series of comparisons our estimates of turnover by the two different approaches are within 15% when averages are compared, but in individual patients the discrepancies can be much larger. DISCUSSION The main objectives of these studies were to evaluate the feasibility and precision of long-term sterol balance Responses to cholesterol feed absorb more exogenous cholest g of cholesterol was absorbed sterol load was increased to 2 in man did not exceed 1 g/ takes (16, 17) . In the experir with smaller dogs weighing 2 Dog C g/day) of a cholesterol load of 1,100-1,300 mg/day was * . absorbed. Its of these principal con-intake of tritiated cholesterol and its daily excretion ce and isotopic techniques in the form of neutral plus acidic fecal steroids were assay of total body and essentially the same (11, 16) . This observation coned in the accompanying firms earlier work in dogs and rats that led to the conclusion that on cholesterol-rich diets plasma cholesterol a cholesterol-free diet. was derived almost entirely from dietary cholesterol, e have noted in these six and that endogenous cholesterol synthesis was almost er than those previously totally repressed (20) (21) (22) (23) .
in dogs by Abell, MosIn man (21, 22) and the baboon (24) the response n long-term isotopic ex-to prolonged feeding of isotopic cholesterol has been d (3) . It is worth noting, found to differ from that in the dog: in the isotopic Iy synthesis we have mea-steady state the specific activities of plasma cholesterol techniques described here were found to be much lower than the specific activities to those in these six dogs, of dietary cholesterol. However, in only a few studies of body weight. Perhaps has the attainment of the isotopic steady state been r data and those of the proved by equating isotopic sterol output with its intake to differences in methods (11, 16 Since repression of cholesterol synthesis in the liver by reabsorbed cholesterol and in the intestinal mucosa by bile acids is abolished by total diversion of bile, increased cholesterol synthesis would be expected, as previously reported in dogs, rats, and monkeys (19) . However, the limits of maximal cholesterol synthesis have previously been defined clearly only in rhesus monkeys (25) ; the present study in dogs showed rather similar five to sevenfold increases over rates prevailing on cholesterol-free diets. Over a period of almost 2 yr, each bile-shunted dog excreted about 1 kg of cholesterol more than would have been predicted had the dogs not been operated upon. This amount of cholesterol was 20 times greater than the total body cholesterol of the animal measured at sacrifice and must have been derived mainly if not entirely from accelerated synthesis (see accompanying paper). In the presence of cholesterol pool sizes that were later found to be unaltered, the steeper slopes of specific activity-time curves of plasma cholesterol noted in the bile-diverted dogs must also have been due to accelerated synthesis.
A marked rise in fecal neutral steroid excretion after complete diversion of bile in dogs was noted in 1927 by Sperry (26) . To explore whether this increase was due to the excretion in feces of cholesterol newly synthesized by the mucosa, we administered a single dose of radioactive cholesterol to the bile-diverted dogs intravenously and then repeatedly compared the specific activities of plasma cholesterol and fecal neutral steroids after the log-linear phase of the decay curve was reached (the dogs were on cholesterol-free diets). If all cholesterol excreted through the gut were derived from new local synthesis in the intestinal mucosa, the specific radioactivity of fecal neutral steroids would have approached 0, providing that there was no isotope exchange with labeled plasma cholesterol; whereas, if all fecal cholesterol were derived from the plasma by transfer across the intestinal wall, the specific activity of fecal neutral steroids would have been equal to that of the plasma. A 15-18% difference was found between fecal and plasma cholesterol specific activities. This suggests that, after prolonged deprivation of bile, fecal cholesterol could be predominantly of plasma origin. However, if there were rapid exchange in the mucosal cell between the labeled cholesterol of plasma and the unlabeled cholesterol newly synthesized in the mucosa, then any cholesterol secreted into the lumen would be as richly labeled as that in the plasma, and then, due to lack of luminal bile acids, this cholesterol would not be reabsorbed but excreted. In view of these considerations we cannot reach a firm conclusion as to the origin of the fecal neutral steroids in these dogs. What remains to be tested is (a) whether isotopic exchange in the mucosal cell is rapid under these conditions, and (b) whether (7, 10) represent the sum of fecal neutral steroids of endogenous origin plus fecal bile acids. § Study numbers refer to the various metabolic studies carried out in each dog and presented in Tables I, II, and IV. H Daily cholesterol intake = 2,700 mg/day. ¶ Daily cholesterol intake = 500 mg/day.
s Daily cholesterol intake = 3,000 mg/day increased cholesterol synthesis in the mucosa due to bile acid diversion persists indefinitely.
The production rates of bile acids after bile diversion in two dogs were almost identical to those in two other dogs fed a high-cholesterol diet. This observation suggests that these two manipulations may have resulted in maximal bile acid synthesis and that feeding still larger amounts of cholesterol might exceed the dogs' capacities to compensate: the result would be the production of still more marked hypercholesterolemia.
Accumulation and depletion of body cholesterol. Any increase in cholesterol absorption must result in expansion of body pools unless compensated by an increase in excretion of cholesterol or bile acids, or by inhibition of cholesterol synthesis, or both. Expansion of tissue pools is regularly seen in cholesterol-fed rabbits (27), but in rats fed high-cholesterol diets the accumulation of cholesterol is restricted to the liver (27). Our studies in cholesterol-fed dogs showed a substantial rise in plasma cholesterol concentrations (37-44%), but there was virtually total suppression of endogenous synthesis and zero cholesterol balances were attained. Calculations of cholesterol accumulation on high-cholesterol diets indicated the absence of significant storage, confirming once again that plasma cholesterol concentrations are, at times, poor indicators of events in tissues: in human cholesterol balance studies, marked accumulations of cholesterol have been observed with surprisingly small increments in plasma cholesterol concentrations (17) .
Depletion of tissue cholesterol stores must occur with total bile diversion unless compensatory increases in synthesis counteract the marked increase in cholesterol excretion through the urine and feces. Reduction of plasma cholesterol levels by 20-27% over a period of nearly 2 yr in bile-diverted dogs suggested that some reduction in tissue stores might have occurred. However, we know of no way by which to calculate how much of the excreted sterols was due to increased synthesis as compared to flux from the tissues, and we had to rely on data obtained at autopsy for this information.
The extent of cholesterol accumulation due to cholesterol feeding and the extent of cholesterol depletion due to bile diversion were found at autopsy to be negligible. Those findings, described in detail in the accompanying report, indicated the completeness of compensation in these two experimental extremes. To cholesterol feeding: increased excretion of bile acids and virtually total suppression of cholesterol synthesis. To bile diversion with large outputs of neutral steroids in feces and of bile acids through the urine: an increase in synthesis sufficiently large to account for all losses.
